The blind mole rat (Spalax ehrenbergi) is a solitary and aggressive subterranean rodent. Our study revealed the unique anatomical structure of reproductive glands, ejaculate, and spermatozoon of the male blind mole rat and the effect of testosterone on those glands. Unlike other rodents, only the prostate and Cowper's accessory sex glands are present, whereas coagulating gland, seminal vesicle, and preputial gland are absent. Three groups of male blind mole rats were examined: intact, injected, and castrated animals, and resulting differences in morphology of reproductive glands were examined histologically using quantitative measurements. Lowered testosterone levels in castrated blind mole rats caused a reduction in weight and star volume ( * ) of the prostate and Cowper's glands. Testosterone injection produced an increase in mass of the prostate gland but not in Cowper's glands, whereas both prostate tubuli * and Cowper's gland tubuli * also increased. The blind mole rat possesses only 2 accessory sex glands, both of which are influenced by testosterone levels.
The blind mole rat (Spalax ehrenbergi) is a fossorial rodent with a geographic range from southeastern Europe throughout the Middle East to North Africa (MacDonald 1985) . The blind mole rat is highly solitary and aggressive, spending most of its life in a single tunnel system, which it never voluntarily leaves. The blind mole rat is a seasonal breeder, reproducing once a year during winter (Nevo 1961 ) and has been almost impossible to breed in captivity. Although courtship and copulation between males and females have taken place in the laboratory, only 1 study has documented birth of blind mole rats in captivity (Gazit * Correspondent: josepht@tauex.tau.ac.il et al. 1996) . Indeed, captive breeding of most solitary subterranean rodents is problematic (Bennett and Jarvis 1988) .
Despite the difficulty of observing and monitoring reproductive behavior in solitary rodents in their subterranean habitat, some knowledge is available about the anatomy of the male accessory reproductive organs, which differ among various species. The Cape mole rat (Georychus capensis- Bennett and Jarvis 1988) and the pocket gopher (Geomys bursaris) are known to possess a prostate, seminal vesicle, coagulating gland, Cowper's glands, and preputial gland (Vaughan 1962) . Hystricomorph rodents possess the prostate, Cowper's glands, and seminal vesicle (Weir 1974) , except the subterranean Capromys pilorides, which has no prostate but has an extra paired vesicular gland (Angulo and Alvarez 1948) . Among the insectivores, the fossorial mole Talpa europea has a prostate gland, preputial glands, and Cowper's glands but lacks both the coagulating gland and seminal vesicles (Racey 1978) .
Our study describes the anatomical structure of the reproductive organs, ejaculate, and sperm of the blind mole rat. Following Kalra and Kalra (1979) , who showed that growth and secretory activity of the accessory sex glands in rats are entirely dependent on testosterone, our study also examined the effect of testosterone on the prostate and Cowper's glands in the male blind mole rat.
MATERIALS AND METHODS
Study animals.-Eighteen adult male (200-to 250-g) blind mole rats belonging to the chromosomal species 2n ϭ 58 (Wahrman et al. 1969) were trapped in the area of Tel-Aviv, Israel. Animals were maintained in standard Plexiglas rat cages (38 by 22 by 19.5 cm) under natural light conditions, provided with wood shavings for bedding, and fed vegetables and rat pellets (Kibbutz, Ma'abarot, Israel) .
The study consisted of 3 groups of 6 animals each. The 1st group consisted of intact animals. After 5 months in captivity 6 blind mole rats were sacrificed for anatomic, morphologic, and histologic examination of the accessory sex organs. The 2nd group consisted of castrated animals. Six blind mole rats were castrated after 3 months in captivity and sacrificed 2 months later to determine the effect of absence of testosterone on accessory sex organ tissue. Surgical removal of the testes was accomplished under ether anesthesia via 2 small incisions in the lower abdominal wall. The 3rd group consisted of exogenous androgen-treated animals. Six blind mole rats were castrated after 3 months in captivity and injected subcutaneously 2 months later with testosterone propionate (0.8 mg/100 g body mass; Sigma Chemicals Ltd., Rehovot, Israel; dissolved in sesame oil-Paz and Hommonnai 1979) on alternate days for 16 days (8 injections). Animals were then sacrificed to determine the influence of exogenous testosterone on the morphology and histology of accessory sex organs.
Tissue preparation.-Upon completion of treatments, all animals were anaesthetized with ether. Blood was drawn by heart puncture to determine serum testosterone levels, and Cowper's and prostate glands were isolated. Glands were immediately fixed in Bouin's solution and embedded in paraffin blocks. Sections (ഠ5 m) were stained with hematoxylin and eosin for routine histologic examination and quantitative morphology. All sections were examined and photographed using an Olympus, BX 50 light microscope (Moked, Tokyo, Japan).
Ejaculate structure.-Because blind mole rats possess only the prostate and Cowper's glands, it was of interest to determine how that morphology influenced character of the ejaculate. Ejaculate discharged from the penis, after sacrifice or during anesthesia and heart puncture, was photographed under binocular microscope and documented for comparison with ejaculates of other rodents.
Ultrastructure of spermatozoa.-Quantitative ultramorphologic analysis of the organization and integrity of sperm organelles was performed via electron microscopy using both scanning electron microscope (SEM) and transmission electron microscope (TEM). A TEM morphogram was used to determine structure of the internal subcellular organelles, acrosome region of the head, and axoneme of the tail. Sperm cells were extracted from vas deferens and epididymis into phosphate buffer solution (phosphatebuffered saline [PBS], 0.1 M, pH 7.4), centrifuged at 600 ϫ g for 15 min at room temperature, washed twice with PBS, fixed in 5% gluteraldehyde solution for 2 h at room temperature, and transferred into osmium tetraoxide (Glauert 1980) . For SEM, sperm cells were separated from their plasma and fixed as for the TEM preparation. Samples were dehydrated with graded alcohol and freon solutions, critical point dried with CO 2 , and coated with gold. The SEM morphogram directed special attention to the head and tail axoneme.
Quantitative morphometry.-Three randomly chosen sections of each gland from all experimental groups were photomicrographed and printed at a final magnification of 190ϫ. Volume fraction (Vv) was estimated by superimposing a square grid (1 point/cm 2 ) over the micrograph (Hammel et al. 1989) . Total number of points over each tissue compartment was counted (Pc i , I ϭ 1, 2, 3, . . . , n). Whole tissue was used as a reference (Pr i ) and thus Vv ϭ ⌺Pc i /⌺Pr i . Volume fraction was the volume contribution of a component within a reference volume.
Testes tubuli star volume ( * ) was estimated by superimposing a square grid (0.25 point/cm 2 ) over the micrographs. Wherever an intersection crossed the tubuli, the 4 line intercepts (l 0 ) were measured, thus * ϭ (4/3)l 3 0 . This value was chosen as a tubule mean size estimate because it is a volume-weighted average (Jensen and Gundersen 1982) . Thus, any weighted average volume size change would have more significant changes than any number average method (Williams 1977) . Statistical analyses were carried out using nonparametric Mann-Whitney U-test comparison to determine differences among treatments.
Testosterone injection and measurement.-After all injections serum was separated from blood after centrifugation, and samples were stored at Ϫ20ЊC. Concentration of serum testosterone was determined by radio immunoassay using a Coat-a-Count kit (Diagnostic Products Corporation, Los Angeles, California) based on testosterone specific antibody immobilized to the wall of a polypropylene tube. Assay sensitivity was 0.04 ng/ml.
RESULTS
General description.-The prostate gland is situated in the abdominal cavity in the blind mole rat. The gland surrounds the bladder neck and the upper part of the urethra. Cowper's glands are located on either side of the vertebral column, below the prostate gland and behind the testes. These glands are similar histologically to the bulbo-urethral gland in some other mammals. Physiology of this bulbo-urethral gland is not fully understood, and in certain animals, the secretion of the Cowper's glands is believed to affect semen coagulation or lubricate the cavernous urethra and stimulate sexual receptivity in the female (Berthou and Chretien 1995) . The blind mole rat lacks the 3 other accessory glands usually found in mammals (Gottreich et al. 1996) : the seminal vesicle, the coagulating gland, and the preputial gland (Fig. 1) . The ejaculate from 9 blind mole rats was composed of thin, small, hard pellets. Mean (Ϯ SE) volume size of a pellet was 2.5 Ϯ 0.03 by 1.0 Ϯ 0.01 by 1.0 Ϯ 0.01 mm.
Sperm cell structure.-Three main structures were observed in the blind mole rat spermatozoa: head, 4.0 Ϯ 0.2 m wide, oval-round in shape, and containing a nucleus and acrosome; and neck and tail, 34.0 Ϯ 1.2 m long with an end-piece 9.0 Ϯ 0.3 m (Fig. 2) . At high magnification (32,000ϫ), the axoneme showed the typical organization of 9 ϩ 2 microtubules with dynein arms (Fig. 3) . Nine outer doublets of microtubules surrounded an inner doublet of microtubules; outer doublets consisted of 2 microtubules. Inner and outer dynein arms extended from the 2 outer microtubules toward the microtubules of the adjacent pair.
Effect of castration and testosterone replacement.-The influences of castration and hormone replacement on accessory glands parameters are summarized in Table 1 . Castration of the blind mole rat led to a 65% reduction in the mass of prostate gland (P Ͻ 0.005), whereas testosterone injection resulted in a 40% increase (P Ͻ 0.005). Mass of Cowper's glands was reduced after castration by 76% (P Ͻ 0.001), but no changes were found in masses after testosterone injection compared with the intact group.
Prostate tubuli star volume ( * ) was reduced by 56% after castration (P Ͻ 0.005) and increased 3.7-fold after testosterone injection (P Ͻ 0.005). Cowper's glands tubuli ( * ) were reduced by 98% after castration (P Ͻ 0.005) and increased by 39% after testosterone injection (P Ͻ 0.005).
The ratio (calculated as Vv between the tubuli, the lumen, and the connective tissue) in the prostate gland underwent the following change: tubuli prostate Vvs were reduced after castration by 22% (P Ͻ 0.005) and increased after injection by 28% (P Ͻ 0.005). Lumen Vvs were reduced after castration by 60% (P Ͻ 0.005) and did not increase after injection. Prostate connective tissue Vv doubled in size after castration (P Ͻ 0.005) and increased after injection by JOURNAL OF MAMMALOGY FIG. 1.-Reproductive organs of the male blind mole rat compared with the male rat (Rattus). 4% (P Ͻ 0.01). Castration led to a 2.2-fold increase in Cowper's glands tubuli Vv (P Ͻ 0.005), but no change occurred after testosterone injection. Castration also led to a significant reduction in Cowper's glands lumen by 63% (P Ͻ 0.005), a 2.5-fold increase after injection compared with the castrated group (P Ͻ 0.005), and reduction of 8% compared with the intact group (P Ͻ 0.005). Cowper's glands connective tissue Vv demonstrated an extremely large increase in both castrated and injected blind mole rats (P Ͻ 0.005). The lumen in Cowper's glands comprised 25% of all tissue in castrated animals, but it was 71% in the intact animals. Connective tissue of castrated animals comprised 20% of all tissue compared with 5% in intact animals.
Testosterone levels.-Testosterone levels in the serum of intact animals were 1.02 Ϯ 0.16 ng/ml. Levels in castrated animals were undetectable, and levels in injected animals were higher than in intact animals (2.62 Ϯ 0.29 ng/ml; P Ͻ 0.001). unique structure; unlike other rodents, blind mole rats possess only 2 glands, the prostate and the coagulating gland. A variety of combinations of accessory sex glands have been described in other mammals. The cape porcupine (Hystrix africaeaustralis) possesses only a prostate gland and seminal vesicle but no coagulating gland (Van Aarde and Skinner 1986). The male molossid bat (Molossus fortis) also lacks a coagulating gland but has a seminal vesicle, prostate gland, and Cowper's glands (Krutzsch and Crichton 1990) . The hedgehog (Erinaceus) possesses a prostate gland, seminal vesicle, and another pair of very small glands, deeply embedded in the muscle. Location of these small glands suggests that they might be analogues of Cowper's glands in other species (Mann 1964a) . Like the blind mole rat, the European mole (Talpa europaea) has a prostate gland and Cowper's glands but no seminal vesicle or coagulating gland; unlike the blind mole rat, the European mole also has preputial glands (Clevedon Brown et al. 1994; Racey 1978) .
The seminal vesicle, prostate, and coagulating glands produce and secrete substances including proteins, enzymes, fructose, and citric acid (Delpech and Thibault 1993) . In mammals, these secretions compose ejaculate and the copulatory plug, which is formed by the clotting of seminal vesicle proteins and action of transglutaminases secreted by the coagulating gland and prostatic secretion Esponda 1992, 1993) . The seminal vesicle is known to contribute most of the seminal plasma volume that composes ejaculate and the vaginal plug (Mann 1964b) . In rodents lacking a seminal vesicle, the volume of ejaculate would be predicted to be very low. Absence, unilateral or bilateral agenesis, or aplasia of the seminal vesicles causes low volume of seminal plasma or azoospermia and low levels or a complete lack of seminal fructose (Aumuller and Riva 1992) . In the blind mole rat, this lack of a seminal vesicle does seem to be correlated with the very low volume of ejaculate secretion compared with other mammals (Mann 1964b) . The gelatinous rodlike structure of the ejaculate in the blind mole rat is a function of prostate substances and enzymes secreted by tubuli cells that induce this unique coagulate structure.
Sperm structure in the blind mole rat is similar to that of most other rodents and mammalian species. The sperm is small with a round head containing nucleus and acrosome, appearing to resemble only that of the musk shrew (Suncus murinus-Phillips 1985) . In other species of rodents, sperm either have a spatulate head (mouse, rat, hamster, guinea pig); a flaciform sperm head, as found in the rabbit and, incidentally, humans (Yanagimachi 1982) ; or an oval sperm head containing nucleus and acrosome as found in the ascrotal hyrax (Procavia capensis) and the armadillo (Dasypus novemcinctus- Bedford and Millar 1978) .
The flagellum of the sperm of the blind mole rat resembles that of other rodent species, consisting of 4 distinct segments: connecting piece (the neck), middle piece, principal piece, and end piece. The flagellum of blind mole rat sperm contains an axoneme with 9 ϩ 2 microtubules, a structure that plays a key role in spermatozoon motility (Phillips et al. 1993) .
The preputial gland is a source of the odor that plays an important role in courtship and mating in rodents. Kannan (1998) revealed that a variety of known and potential sources of sexual attractants come from various accessory glands including the preputial gland. In the male Cape mole rat, this gland becomes enlarged during the mating season, and females can be observed sniffing glandular areas (Bennett and Jarvis 1988) . In house mice (Mus musculus), removal of the preputial gland caused a decrease in courtship and mating (Ninomiya and Brown 1995) . Lack of this gland suggests that the blind mole rat relies on other sources of odor for attraction or distancing of individuals. Urine marking has been reported at territory boundaries (Jemiolo et al. 1992) .
Testosterone is known to influence development of accessory glands in rodents (Kalra and Kalra 1979) . In our study, castration of the male blind mole rat significantly decreased mass of the prostate and Cowper's glands. After castration, levels of testosterone were decreased and resulted in atrophy of the prostate and Cowper's glands tubuli, increased connective tissue of prostate and Cowper's gland, and decreased lumen of prostate and Cowper's gland. Sugimura et al. (1986a Sugimura et al. ( , 1986b showed that 14 days after castration, degeneration occurred in the ventral and dorsolateral prostate of the adult mouse, whereas androgen replacement caused regeneration and returned the gland to its former size. In guinea pigs, castration resulted in a significant reduction in the size of the accessory sex glands (Neubauer and Mawhinney 1981) . Testosterone administration to mice induced an increase in weight and the secretion of substances such as fructose, which is important to the vitality and survival of sperm in ejaculate (Thomas et al. 1965 ). In the blind mole rat, administration of testosterone has a significant influence, especially on the prostate gland, which has an important role in creating the ejaculate, compared with the Cowper's gland secretion, which plays a role as a lubricant.
Our study establishes for the 1st time the unique anatomy of the accessory glands of the male blind mole rat and confirms a similar effect of testosterone on the accessory glands of the blind mole rat to that in other rodents. Finally, we note that the unique structure of the reproductive tract of the male blind mole rat may not be the sole reason for difficulties in breeding these animals in captivity, and that other or additional factors related to field conditions may be involved.
